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RESUMO

NOVAES, Maria Izabel Costa, M.Sc., Universidade Federal de Vicosa, Julho de
2016. Aspectos Fisiolégicos e Bioquimicos da Soja Pulverizada com Fosfito de
Manganés para o Controle de Mofo Branco. Orientador: Fabricio de Avila
Rodrigues. Coorientadora: Renata Sousa Resende.

Considerando a importancia do mofo branco, causado por Sclerotinia
sclerotiorum, em reduzir a produtividade da soja, novas alternativas para o
manejo dessa doenga precisam ser investigadas. O presente estudo teve como
objetivo determinar o efeito do fosfito de manganés (Mn) no controle do mofo
branco em plantas de soja, avaliando o desempenho fotossintético (trocas gasosas
e fluorescéncia da clorofila (Chl) a), a participa¢do das enzimas de defesa (f-1,3-
glucanases (Glu), fenilalanina amodnia-liases (PAL) e polifenoloxidases (PPO)) e
das enzimas do metabolismo antioxidativo (superéxido dismutase (SOD), catalase
(CAT), peroxidase (POX) e ascorbato peroxidase (APX)) e as concentragcdes de
perdxido de hidrogénio (H20:), do superéxido (O2) e de malondialdeido (MDA).
A severidade de mofo branco foi significativamente reduzida nas plantas
pulverizadas com o fosfito de Mn, as quais apresentaram uma melhor preservacao
da funcionalidade do aparelho fotossintético com base nos valores dos parametros
de trocas gasosas e da fluorescéncia da Chl a. As atividades das enzimas SOD,
CAT, POX, APX foram maiores nas plantas niao pulverizadas com fosfito de Mn
e infectadas por S. sclerotiorum em comparacdo com as plantas pulverizadas com
esse produto. As atividades da GLU e da PAL nas plantas inoculadas e
pulverizadas com fosfito de Mn foram maiores e contribuiram para reduzir a
severidade do mofo branco. Em conclusao, o presente estudo apresenta evidéncias
do potencial do fosfito de Mn no controle do mofo branco nos niveis bioquimico e

fisiolégico
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ABSTRACT

NOVAES, Maria Izabel Costa, M.Sc., Universidade Federal de Vigosa, July,
2016. Physiological and Biochemical Aspects of Soybean Sprayed with
Manganese Phosphite for the White Mold Control. Advisor: Fabricio de Avila
Rodrigues. Co-Advisor: Renata Sousa Resende.

Considering the importance of white mold, caused by Sclerotinia sclerotiorum, to
decrease soybean yield, new alternatives for disease control need to be
investigated. The present study aimed to determine the potential of the manganese
(Mn) phosphite in helping soybean plants to counteract S. sclerotiorum by
examining the photosynthetic performance (leaf gas exchange and chlorophyll
(Chl) a fluorescence parameters), the participation of defense enzymes (f-1,3-
glucanases (GLU), phenylalanine ammonia-lyase (PAL) and polyphenoloxidases
(PPO)) as well as those related to the antioxidant metabolism (superoxide
dismutase (SOD), catalase (CAT), peroxidase (POX) and ascorbate peroxidase
(APX)) and the concentrations of hydrogen peroxide (H20.), superoxide (O2") and
malondialdehyde (MDA). White mold severity was significantly reduced on
plants sprayed with Mn phosphite which showed a better preservation of the
functionality of the photosynthetic apparatus based on the values of the leaf gas
exchange and Chl a fluorescence parameters. The SOD, CAT, POX and APX
activities increased for inoculated plants non-sprayed with Mn phosphite in
comparison to inoculated plants sprayed with this product. The GLU and PAL
activities for inoculated plants sprayed with Mn phosphite were greater and
contributed to reduce the white mold severity. In conclusion, the present study
brings novel evidence of the potential of Mn phosphite to control white mold at

both biochemical and physiological levels.
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INTRODUCTION

White mold, caused by Sclerotinia sclerotiorum (Lib.) de Bary, is one the
most important diseases affecting soybean (Glycine max (L.) Merrill) production
worldwide (Hegedus and Rimmer, 2005). Symptoms of white mold begins as
water-soaked lesions displaying intense white cottony fungal mycelium on their
surface at the aerial organs of soybean at any growth stage especially under high
relative humidity (Heffer Link and Johnson, 2007). High intensity of white mold
can destroy the tissues of soybean plant and results also in wilting, bleaching and
plant death (Heffer Link and Johnson, 2007; Mueller et al., 2015). At advanced
stages of disease development, sclerotia are formed from the fungal cottony
mycelium, which can survive in the soil and in plant debris for many years
(Heffer Link and Johnson, 2007; Mueller ef al., 2015; Matsuo et al., 2015).

White mold control has been difficult because cultivars with high levels of
resistance are not available to growers (Boland and Hall, 1987; Yang et al., 1999;
Kim and Diers, 2014; Mueller et al., 2015). The application of fungicides from
several different chemical classes is not always effective in reducing disease
intensity (Mueller et al., 2002) and S. sclerotiorum isolates from common bean
that are resistant to thiophanate methyl (benzimidazole) fungicide have been
identified (Lehner et al., 2015). Therefore, cultural methods such as crop rotation,
tillage, wide row spacing, planting date and weed control have been used to limit
the yield losses caused by white mold (Heffer Link and Johnson, 2007; Mueller et
al., 2015).

Considering the importance of white mold to decrease soybean yield, new
alternatives for disease management need to be urgently investigated. Induced

host resistance has been reported to be effective in the control of diseases caused
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by fungi, bacteria, viruses and nematodes on crops of economic importance
(Ryals et al., 1994; Vallad and Goodman, 2004; Van loon et al., 2006).
Phosphites are foliar fertilizers composed of a phosporous acid salt that are
systemically mobile in the plant and have been shown to be effective in
controlling diseases in several economically crops (Smillie et al., 1989;
Brackmann et al., 2004; Peruch and Brunna, 2008; Dianese et al., 2009; Nojosa et
al., 2009; Araujo et al., 2010, 2015; Nascimento et al., 2016). Phosphites can act
directly by inhibiting fungal mycelial growth and sporulation besides activating
host defense mechanisms such as the production of phytoalexins, lignin and
ethylene and increasing the activity of phenylalanine ammonia-lyase (Panicker
and Gangadharan, 1999; Daniel and Guest, 2006; Dalio et al., 2014).

Given the lack of information in the literature regarding the potential of
phosphites in white mold control, the present study aimed to determine the
potential of the manganese (Mn) phosphite in helping soybean plants to
counteract S. sclerotiorum infection by examining some plant biochemical and
physiological changes associated with the putative Mn phosphite-mediated white

mold suppression.



MATERIALS AND METHODS
Plant growth

Five soybean seeds from cultivar M7110IPRO, susceptible to S.
sclerotiorum, were sown in plastic pots of 2 liters containing 2 kg of Tropstrato®
substrate (Vida Verde, Mogi Mirim, Sao Paulo, Brazil) composed of a mixture of
pine bark, peat and expanded vermiculite (1:1:1). Each pot was thinned to three
seedlings at 10 days after emergence. Plants were kept in a greenhouse (30 + 5°C,
65 + 5% relative humidity and natural photosynthetically active radiation of 900 +
5 pumol photons m? s!). Plants were fertilized weekly with 100 ml of a modified
nutrient solution based on Clark (1975) as follow: 0.8 mM KNOs, 0.069 mM
NH4H>PO4, 1 mM NH4NO3, 1 mM Ca(NOs).4H20, 0.9 mM KCl, 0.6 mM MgSO4
7TH20, 0.5 uM CuSO4 5H>0, 2 uM ZnSO4 7H>0, 19 uM H3BOs3, 7 uM MnCl»
4H>0, 0.6 uM NaxMoOs 4H>O, 60 uM FeSO4 7H>0 and 90 pM disodium
ethylenediaminetetraacetic acid (EDTA). Plants were watered deionized water as
needed.
Inoculum production, inoculation procedure and treatments

The isolate CMES 1572 of S. sclerotiorum, provided by Embrapa Soja
(Londrina, Brazil), was used to inoculate the plants. This isolate was preserved in
the form of sclerotia. For sclerotia production, carrots were washed, peeled, cut in
cubes of approximately 1 x 1 x 1 cm, transferred to Erlenmeyer flasks and
autoclaved at 121°C for 20 min (Bae and Knudsen, 2007). Next, two plugs (5 mm
in diameter) of potato-dextrose-agar (PDA; 20 g of dextrose, 20 g of agar and 200
g of fresh potato per L of distilled water) obtained from the edge of three-days old
colony of S. sclerotiorum, were transferred into each Erlenmeyer flasks containing

the carrots cubes and incubated in a growth chamber (25 + 2°C and 12 h



photoperiod) until the sclerotia formation. Sclerotia produced in carrots were
placed into glass tubes and kept in refrigerator at 4°C for preservation. For
inoculum production, one sclerotia was transferred to each Petri dish containing
PDA medium. After 7 days, PDA plugs containing fungal mycelia were
transferred to new Petri dishes containing PDA medium, which were kept in a
growth chamber (20°C and 12 h photoperiod) for 3 days.

The three leaflets of the third leaf, from the base to the top, of each plant
(V3 growth stage, Fehr er al., 1971) per replication of each treatment were
inoculated with plug (5 mm in diameter) of PDA medium obtained from the edge
of three-days old colony of S. sclerotiorum. Each PDA plug was placed between
the main vein and the edge of the leaflet and gently pressed with the index finger.
Inoculated plants were transferred to a plastic mist growth chamber (MGC) inside
a greenhouse for the duration of the experiment. The MGC was made of wood (2
m wide, 15 m high, 5 m long) and covered with 100 um thick transparent plastic.
The temperature inside the MGC ranged from 20 + 2°C (day) to 17 £ 2°C (night).
The relative humidity was maintained at 92 + 3% using a misting system with
nozzles (model NEB-100; KGF Co.) that sprayed mist every 30 min above the
plant canopy. The relative humidity and temperature were measured with a
thermohygrograph (TH-508; Impac). The maximum natural photon flux density at
plant canopy height was approximately 900 umol m2s!.

At 48 h before inoculation with S. sclerotiorum, plants per replication of
each treatment were sprayed with water (control treatment), manganese (Mn)
phosphite (5 ml L', Mn Phytogard® (30% P>Os and 9% Mn), Stoller do Brasil
S.A., Cosmopolis, Brazil) and with the fungicide Fluazinam (5 ml L

Frowncide® 500 SC, Ishihara Brasil, Sorocaba, Brazil). Plants were sprayed using



a CO» pressurized backpack sprayer equipped with a flat fan nozzle (XR 110 02°,
Teejet, Glendale Heights, IL, USA) at a 200,000-Pa pressure to give a spray
volume of 200 L ha'! (a total of 25 mL per plant).
In vitro assays

The sensitivity of S. sclerotiorum to both Mn phosphite and Fluazinam was
evaluated in vitro using different concentrations of these products as follow: 0,
1.25, 2.5, 5, 10 and 20 ml L'! of PDA medium. These products, at the six
concentrations, were incorporated into the PDA medium and then poured into
Petri plates (20 ml per plate). After 48 h, one PDA plug (5 mm in diameter),
containing fungal mycelia obtained from the edge of a three-days old S.
sclerotiorum colony, was placed in the central region of each Petri dishes, which
were kept in a growth chamber (20°C and 12 h photoperiod). Fungal colony in
each Petri dish was measured in two orthogonal directions at 24, 36, 48 and 60 h
using a digital paquimeter in order to obtain its diameter.
Assessment of white mold severity

Inoculated leaflets of each plant were collected at 24, 48 and 96 h after
inoculation (hai), scanned at 300 dpi resolution and the obtained images were
further processed using the software QUANT (Vale et al., 2003) to quantify the
white mold severity.
Determination of the leaf gas exchange parameters

Leaf gas exchange parameters were determined in one leaflet from the third
leaf of each plant (a total of four leaflets per treatment) at 12, 36 and 60 hai. Net
carbon assimilation rate (A), stomatal conductance to water vapour (gs),
transpiration rate (E) and internal (C;) to ambient (C.) CO; concentration ratio

(Gi/Cy) were estimated from 09:00 to 12:00 hours (solar time) using a portable



open-system infrared gas analyser (LI-6400; LI-COR Inc.) All measurements
were conducted under artificial and saturating photon irradiance (1000 umol m? s°
"and 400 umol atmospheric CO> mol™) at the leaf level.
Chlorophyll a fluorescence imaging

The Imaging-PAM fluorometer and the Imaging Win software MAXI
version (Heinz Walz GmbH, Effeltrich, Germany) were used to obtain the
parameters of chlorophyll a fluorescence and the images in one leaflet from the
third leaf of each plant (a total of four leaflets per treatment) at 12, 24, 48 and 96
hai. Plants were dark-adapted for 1 h and leaflets were placed individually in the
CCD (“charge-coupled device”) camera to obtain the images at the resolution of
640 x 480 pixels in a support at a distance of 18.5 cm from the CCD camera that
was used to capture the chlorophyll a fluorescence emission transients. The
leaflets were illuminated with a weak modulated measuring beam (0.5 umol m2 s”
1,100 ps, 1 Hz) to obtain the initial fluorescence (Fo). Saturating white light pulse
of 2,400 umol m? s! (10 Hz) was emitted for 0.8 s to determine the maximum
fluorescence emission (Fm). Based on these initial measurements, the maximum
PS II photochemical efficiency of the dark-adapted leaflets was estimated through
the variable-to-maximum chlorophyll a fluorescence ratio, Fv/Fm = [(Fm -
Fo)/Fn)]. Next, the leaflets were exposed to actinic photon irradiance (531 pumol
m2 s!) for 120 s to obtain the steady-state fluorescence yield (Fs), after which a
saturating white light pulse (2,400 pmol m™ s™; 0.8 s) was applied to achieve the
light-adapted maximum fluorescence (Fm'). The light-adapted initial fluorescence
(Fo") was estimated according to Oxborough and Baker (1997). Based on Kramer
et al. (2004), the energy that was absorbed by the PS II for the following three

yield components for dissipative processes was calculated as follows: the



photochemical yield [Y(II) = (Fu' - F5)/Fn')], the yield for dissipation by down-
regulation [Y(NPQ) = (FJFn') - (Fs/Fn)] and the yield for other non-
photochemical (non-regulated) losses [Y(NO) = Fy¢/Fu]. The apparent electron
transport rate was calculated as ETR = Y(II) x PPFD x f x a, was estimated
according to Baker, 2008.
Determination of the concentration of photosynthetic pigments

Five squared leaflet pieces (1 cm?) were punched from each leaflet of the
third leaf per plant of each replication and treatment at 12, 24, 48 and 96 hai to
determine the concentrations of chlorophyll (Chl) a, Chl b and carotenoids. Leaf
samples were immersed in glass tubes containing 5 ml of saturated dimethyl
sulfoxide (DMSO) solution (saturated with calcium carbonate (CaCOs), 5 g L)
and kept in the dark at room temperature for 24 h. The absorbance of the extracts
was read at 480, 649.1 and 665.1 nm in spectrophotometer using the CaCOs3
saturated solution of DMSO as a blank. Concentrations of Chl a, Chl » and
carotenoids were calculated according to Wellburn (1994).
Biochemical assays

For all biochemical assays, the third leaves, from base to the top, of each
plant per replication of each treatment were collected at 12, 24, 48 and 96 hai.
Leaf samples were kept in liquid nitrogen during sampling and then stored at -
80°C until further analysis.
Determination of the activities of antioxidant enzymes: To determine the
activities of superoxide dismutase (SOD), catalase (CAT), peroxidase (POX) and
ascorbate peroxidase (APX), a total of 0.2 g of leaf tissue was ground into a fine
powder with liquid nitrogen in a mortar and pestle. The fine powder was

homogenized in a 2 ml solution containing 50 mM potassium phosphate buffer



(pH 6.8), 0.1 mM EDTA, 1 mM phenylmethyl-sulphonyl fluoride (PMSF) and
2% (wlv) polyvinylpyrrolidone (PVP). The homogenized material was
centrifuged at 12000 x g at 4°C for 15 min and the supernatant was used for
enzyme determination. The SOD activity was determined by measuring its ability
to inhibit the photochemical reduction of nitroblue tetrazolium (NBT) as
described by Beauchamp and Fridovich (1971) by adding 50 ul of the crude
enzyme extract to 1.95 ml of a mixture containing 50 mM potassium phosphate
buffer (pH 7.8), 13 mM methionine, 75 uM NBT, 0.1 mM EDTA and 2 uM
riboflavin. Samples were exposed to light for 10 min and the production of
formazan blue, resulting from the photoreduction of NBT, was measured at 560
nm and the samples kept in the dark for 10 min served as a blank. One unit of
SOD was defined as the amount of enzyme necessary to inhibit NBT
photoreduction by 50%. Activity of CAT was determined after addition of 50 ul
of the crude enzyme extract to 1.95 ml of a reaction mixture containing 50 mM
potassium phosphate buffer (pH 7.0) and 20 mM hydrogen peroxide (H20»)
(Havir and McHale, 1989). The absorbance was recorded at 240 nm for 1 min.
POX activity was assayed by determining the pyrogallol oxidation as proposed by
Kar and Mishra (1976). The reaction was started after the addition of 15 ul of the
crude enzyme extract to 1.985 ml of a reaction mixture containing 25 mM
potassium phosphate (pH 6.8), 20 mM pyrogallol and 20 mM H>O». The activity
was determined through the absorbance of colored purpurogallin recorded for 1
min at 420 nm (Chance and Maehly, 1955). APX activity assay was conducted as
described by Nakano and Asada (1981). A total of 15 ul of the crude enzyme
extract was added to 1.985 ml of a mixture containing 50 mM phosphate buffer

(pH 7.0), 1 mM H>O, and 1 mM sodium ascorbate. The rate of ascorbate



oxidation was measured by recording the absorbance at 290 nm for 2 min.
Enzyme activity was expressed in a protein-basis whose concentration was
determined according to the method of Bradford (1976).

Determination of defense enzymes activities: To determine the activities of -
1,3-glucanases  (GLU), phenylalanine = ammonia-lyase = (PAL) and
polyphenoloxidase (PPO), a total of 0.2 g of leaf tissue was ground into a fine
powder with liquid nitrogen using a mortar and pestle. The fine powder was
homogenized in 2 ml of a solution containing 50 mM potassium phosphate buffer
(pH 6.8), 1 mM EDTA, 1 mM phenylmethyl-sulfonyl fluoride (PMSF) and 2%
(w/v) polyvinylpyrrolidone (PVP). Then, the homogenate was centrifuged at
12000 x g for 15 min at 4°C, the supernatant was collected and used to determine
the GLU, PAL and PPO activities. The GLU activity was determined according to
the method of Lever (1972). First, 20 ul of the crude enzyme extract was added to
a reaction mixture containing 50 mM sodium acetate buffer (pH 5.0) and
laminarin (1 mg ml'). Next, the reaction mixture was incubated in a Thermo
Mixer (Eppendorf, Hamburg, Germany) at 45°C for 1 h. Then, 500 ul of the
reaction mixture was added to 1.5 ml of dinitrosalicylic acid (DNS) and incubated
at 100°C for 15 min. The reaction was stopped using an ice bath until the solution
reached 25°C. The amount of reducing sugars released was calculated with a
calibration curve using glucose (Sigma-Aldrich, Sao Paulo, Brazil) as a standard
and the absorbance was measured at 540 nm (Miller, 1959). A similar procedure
was used for the control samples, but the first incubation was excluded. The PAL
activity was assayed following the method proposed by Guo et al. (2007) with
some modifications. First, the reaction was started by adding 100 pl of crude

enzyme extract to 0.9 ml of a reaction mixture containing 40 mM sodium borate



buffer (pH 8.8) and 20 mM L-phenylalanine. The reaction mixture was incubated
at 30°C for 1 h. For the control samples, the extract was replaced by borate buffer.
The reaction was stopped by adding 50 pl of 6 N HCI. The absorbance of the
trans-cinnamic acid derivatives was recorded at 290 nm. (Zucker, 1965). PPO
activity was assayed following the colorimetric determination of pyrogallol
oxidation according to the method of Kar and Mishra (1976) with some
modifications. The reaction was started after the addition of 15 pl of the crude
enzyme extract to 985 pl of a reaction mixture containing 25 mM potassium
phosphate buffer (pH 6.8) and 20 mM pyrogallol. Immediately after the reaction
was initiated, the absorbance was determined at 420 nm for 1 min at 25°C.
Determination of malondialdehyde (MDA) concentration: Oxidative damage
in the leaf cells was assessed based on lipid peroxidation and expressed as
equivalents of MDA according to Cakmak and Horst (1991). A total of 100 mg of
leaf tissue was ground into a fine powder using a mortar and pestle with liquid
nitrogen and homogenized in 2 ml of 0.1% (w/v) trichloroacetic acid (TCA)
solution in an ice bath and the homogenate was centrifuged at 12000 x g for 15
min at 4°C. After centrifugation, 0.5 ml of the supernatant was added to 1.5 ml of
TBA solution (0.5% in 20% TCA) and held for 30 min in a boiling water bath at
95°C. After this period, the reaction was stopped in an ice bath. The samples were
centrifuged at 9000 x g for 10 min and the absorbance of the supernatant was read
at 532 nm and discounting the non-specific absorbance at 600 nm. The MDA
concentration was calculated using the absorption coefficient of 155 mM™ cm™!
(Heath and Packer, 1968).

Determination of superoxide (O2") concentration: A total of 0.2 g of leaf tissue

was ground into a fine powder in a mortar and pestle with liquid nitrogen. The

10



fine powder was homogenized in an ice bath in 2 ml of a solution containing 100
mM sodium phosphate buffer (pH 7.2) and 1 mM sodium diethyl dithiocarbamate.
The homogenate was centrifuged at 22000 x g for 20 min at 4°C. After
centrifugation, 0.1 ml of the supernatant was reacted with 1.9 ml of a solution
containing 100 mM sodium phosphate buffer (pH 7.2), 1 mM diethyl sodium
diethyldithiocarbamate and 0.25 mM p-nitrotetrazolium blue. The Oz
concentration was determined by subtracting the absorbance of the final product
from the initial absorbance at 540 nm (Chaitanya and Naithani, 1994).
Determination of hydrogen peroxide (H202) concentration: A total of 0.2 g of
leaf tissue was ground into a fine powder in liquid nitrogen and homogenized in 2
ml of a mixture containing 50 mM potassium phosphate buffer (pH 6.5) and 1
mM hydroxylamine. The homogenate was centrifuged at 10000 x g for 15 min at
4°C (Kuo and Kao, 2003) and the supernatant was used as the crude extract. A
total of 100 ul of the supernatant was then added to a reaction mixture containing
100 uM ferric ammonium sulphate (FeNH4[SO4]), 25 mM sulphuric acid, 250 uM
xylenol orange and 100 mM sorbitol in a final volume of 2 ml (Gay and Gebicki,
2000). After 30 min of dark incubation at room temperature, the absorbance of the
samples was determined at 560 nm. The sample blanks were prepared under the
same conditions and subtracted from the samples. A standard absorbance curve
for H2O> (Sigma-Aldrich, Sao Paulo, Brazil) was used to determine the H»O>
concentration.
Histochemical detection of H20: in the leaflet tissue

One squared leaflet piece (5 cm?) was punched from each leaflet of the third
leaf per plant of each replication and treatment at 96 hai, incubated in 3,3-

diaminobenzidine solution (pH 5.5; 1 mg ml™'") in the dark at room temperature for

11



20 h (Christensen et al., 1997). Thereafter, leaflet pieces were boiled in alcohol
(96%) for 10 min and scanned at 600 dpi resolution after cooling.
Experimental design and data analysis

A 3 x 2 factorial experiment, consisting of three products [water (control
treatment), Mn phosphite and Fluazinam] and non-inoculated or inoculated plants,
was arranged in a completely randomized design with four replications. Each
replication corresponded to a plastic pot containing three plants. Experiments
were repeated once.

All variables were subjected to analysis of variance (ANOVA) and means
were compared by Tukey’s test (P < 0.05) using SAS software (SAS Institute Inc.,
Cary, NC). For withe mold severity and leaf gas exchange measurements, the
ANOVA was considered to be a 3 x 2 x 3 factorial experiment, consisting of three
products, non-inoculated and inoculated plants and three evaluation times. For the
chlorophyll a fluorescence parameters, concentration of photosynthetic pigments
and biochemical assays, ANOVA was considered to be a 3 x 2 x 4 factorial
experiment, consisting of three products, non-inoculated and inoculated plants and

four evaluation times.
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RESULTS
White mold symptoms, disease severity and lesion area

Water soaked lesions on the leaflets of plants from the control and Mn
phosphite treatments were first noticed at 24, whereas no disease symptoms were
noticed on plants sprayed with Fluazinam regardless of the sampling time (Fig.
1A, E and G-I). At 48 hai, large lesions showing intense necrosis developed on
the leaflets of plants from the control treatment (Fig. 1B-C) in contrast to those
observed on the leaflets of plants from the Mn phosphite treatment (Fig. 1E-F).
Symptoms of wilting were noticed on the leaflets of plants from the control
treatment at 96 hai (Fig. 1C).

The factors Products (P) and (Sampling Time) ST as well as the interaction
P x ST were significant for both white mold severity and lesion area (Table 1).
White mold severity was significantly reduced by 36 and 86% in the leaflets of
plants sprayed with Mn phosphite in comparison to plants from the control
treatment at 48 and 96 hai, respectively (Fig. 1J). Fluazinam completely prevented
disease development (Fig. 1J and K) Reductions of 60, 61 and 90% in lesion area
were recorded in the leaflets of plants sprayed with Mn phosphite in comparison
to plants from the control treatment at 24, 48 and 96 hai, respectively (Fig. 1K).
In vitro inhibition of mycelial growth

Inhibition of mycelial growth started at 1.25ml L' of Mn phosphite and
reached 48% of inhibition S. sclerotiorum mycelial. The 100% of the inhibition of
mycelial growth began at 10ml L' of Mn phosphite. The ECso value was
calculated as 0.913ml L' (Fig. 2). Fluazinam completely inhibited the mycelium
growth on all concentrations evaluated on in vitro test.

Leaf gas exchange parameters
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The factors P, Plant Inoculation (PI) and ST as well as their interactions
were significant for the four leaf gas exchange parameters (Table 1). For the non-
inoculated plants, there was no significant effect of the treatments on A, gs, Ci/Ca
and E regardless of the sampling time (Fig. 3A, C, E and G) and neither for the
inoculated plants at 12 hai (Fig. 3B, D, F and H). For inoculated plants sprayed
with Mn phosphite, the values for A, gs and E were significantly higher by 45 and
216%, by 43 and 140% and by 57 and 214% at 36 and 60 hai, respectively, in
comparison to inoculated plants from the control treatment. The values for A, gs
and E were significantly higher for inoculated plants sprayed with Fluazinam by
102 and 40%, by 143 and 70%, by 133 and 48% at 36 hai and by 663 and 141%,
560 and 175% and by 590 and 120% at 60 hai, respectively in comparison to
inoculated plants from the control and Mn phosphite treatments, respectively (Fig.
3B, D and H). The values for Ci/Ca were significantly lower by 14 and 22% at 36
hai and by 22 and 33% at 60 hai, respectively, for inoculated plants sprayed with
Mn phosphite and Fluazinam in comparison to inoculated plants from the control
treatment. The values for Ci/C. were significantly lower by 13% for plants
sprayed with Fluazinam than for plants sprayed with Mn phosphite at 60 hai (Fig.
3F). For inoculated plants of the control treatment, there were significant
decreases of 52 and 87% for A, of 58 and 84% for gs and 59 and 84% for E at 36
and 60 hai, respectively, in comparison to their non-inoculated counterparts. For
plants sprayed with Mn phosphite, S. sclerotiorum infection significantly reduced
A, gs and E by 27, 38 and 61% at 36 hai and by 58, 61 and 54% at 60 hai,
respectively (Fig. 3A, B, C, D, G and H). Significant increases of 22 and 30% for
Ci/C, at 36 and 60 hai, respectively, occurred for inoculated plants from the

control treatment in comparison to their non-inoculated counterparts. At 60 hai,
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Ci/C, significantly increased by 14% for inoculated plants sprayed with Mn
phosphite in comparison to their non-inoculated counterparts (Fig. 3E and F).
Chl a fluorescence parameters

Images of chlorophyll a fluorescence on the leaflets obtained from non-
inoculated plants did not show difference among the treatments in terms of color
patterns for the parameters Fv/Fm, Y(II), Y(INPQ), Y(NO) and ETR (Fig. 4). For
inoculated plants from the control treatment, alterations in the images of Chl a
fluorescence parameters were already evident at 24 hai. Disease development was
accompanied by the progressive loss of photosynthetic capacity as indicated by
the black areas in the leaflets of plants from the control treatment at 48 and 96 hai
(Fig. 4). For inoculated plants sprayed with Mn phosphite, alterations in the
images of Chl a fluorescence parameters were evident only at 48 hai. There were
small black areas in the leaflets of plants and a progressive loss of photosynthetic
capacity was observed at 96 hai, but such alterations in the images of Chl a
fluorescence parameters were greatly low when compared to the leaflets of plants
from the control treatment (Fig. 4). For inoculated plants sprayed Fluazinam,
alteration in the images of Chl a fluorescence was not evident regardless of the
sampling time (Fig. 4).

The factors P, PI and ST as well as their interactions were significant for all
Chl a fluorescence parameters (Table 1). For the non-inoculated plants, there was
no significant effect of the treatments on the parameters Fv/Fm, Y(II), Y(NPQ),
Y(NO) and ETR regardless of the sampling time (Fig. 5A, C, E, G and I). Indeed,
there was no significant effect of the treatments on the five Chl a fluorescence
parameters for the inoculated plants at 12 hai and for Y(NPQ) at 24 hai (Fig. 5B,

D, F, H and J). For inoculated plants sprayed with Mn phosphite or Fluazinam, the
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values for Fv/Fm, Y(II) and ETR were significantly higher from 24 hai onwards
and of Y(NPQ) from 48 hai onwards in comparison to those recorded for
inoculated plants from the control treatment (Fig. 5B, D, F and J). Conversely,
Y(NO) was significantly higher from 24 hai onwards for plants from the control
treatment and from 48 hai onwards for plants from the Mn phosphite treatment in
comparison to plants sprayed with Fluazinam (Fig. 5H). Values that were
significantly higher by 41 and 150% for F\v/Fm, by 19 and 205% for Y(II) and by
28 and 208% for ETR at 48 and 96 hai, respectively, and by 43% for Y(NPQ) at
96 hai, were recorded for inoculated plants sprayed with Fluazinam in comparison
to inoculated plants sprayed with Mn phosphite (Fig. 5B, D, F and J). Y(NO) was
significantly lower by 58, 49 and 30% for plants from the Mn phosphite treatment
and by 50, 59 and 64% for plants sprayed with Fluazinam at 24, 48 and 96 hai,
respectively, in comparison to inoculated plants from the control treatment.
Inoculated plants sprayed with Fluazinam showed values of Y(NO) that were
significantly lower by 19 and 49% at 48 and 96 hai, respectively, in comparison to
inoculated plants sprayed with Mn phosphite (Fig. SH). Significant decreases of
52, 76 and 92% for F/Fn, of 85, 100 and 100% for Y(II) and of 85, 100 and
100% for ETR at 24, 48 and 96 hai, respectively, and of 42 and 100% for Y(NPQ)
at 48 and 96 hai, respectively, were recorded for the inoculated plants from the
control treatment in comparison to their non-inoculated counterparts (Fig. SA-F, I
and J). For plants sprayed with Mn phosphite, S. sclerotiorum infection
significantly decreased Fv/Fn by 28 and 60%, Y(NPQ) by 20 and 41% and ETR
by 26 and 70% at 48 and 96 hai, respectively, in comparison to their non-
inoculated counterparts (Fig. SA, B, E, F, I and J). For inoculated plants sprayed

with Mn phosphite, Y(II) significantly decreased by 66% at 96 hai, in comparison
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to their non-inoculated counterparts (Fig. 5C and D). Significant increases of 105,
167 and 194% for Y(NO) at 24, 48 and 96 hai, respectively, for inoculated plants
from the control treatment and of 30 and 112% at 48 and 96 hai, respectively, for
inoculated plants from the Mn phosphite treatment were observed in comparison
to the non-inoculated plants (Fig. 5G and H).
Concentration of photosynthetic pigments

The factors P, PI and ST were significant for the concentrations of Chl a+b
and carotenoids as well as some of the 2-way and 3-way interactions (Table 1).
For the non-inoculated plants, the concentrations of Chl a+b and carotenoids (Fig.
6A and C) were not influenced by the treatments regardless of the sampling time
and neither for the inoculated plants (Fig. 6B and D) at 12, 24 and 48 hai. At 96
hai, the concentrations of Chl a+b and carotenoids were significantly higher by 33
and 31%, respectively, for inoculated plants sprayed with Mn phosphite in
comparison to inoculated plants from the control treatment (Fig. 6B and D). For
inoculated plants sprayed with Fluazinam, the concentrations of Chl a+b and
carotenoids were significantly higher by 131 and 73% and by 74 and 33% in
comparison to inoculated plants from the control and Mn phosphite treatments
(Fig. 6B and D), respectively, at 96 hai. S. sclerotiorum infection significantly
decreased the concentrations of Chl a+b and carotenoids by 51 and 43% for plants
from the control treatment and by 38 and 25% for plants from the Mn phosphite
treatment (Fig. 6A-D).
Antioxidant enzymes

The factors P, PI and ST as well as their interactions were significant for the
activities of SOD, CAT and POX (Table 1). The factors PI and ST and the

interaction PI x ST was significant for APX activity (Table 1). For non-inoculated
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plants, there was no significant effect of the treatments on the activities of SOD,
CAT, POX and APX regardless of the sampling time (Fig. 7A, C, E and G) and
neither for the inoculated plants at 12, 24 and 48 hai (Fig. 7B, D, F and H). For
inoculated plants, the SOD, CAT and POX activities were significantly lower by
19, 23 and 40% at 96 hai for plants from the Mn phosphite treatment in
comparison to plants from the control treatment. Inoculated plants sprayed with
Fluazinam showed activities of SOD, CAT, POX and APX that were significantly
lower by 41, 50, 64 and 26%, respectively, at 96 hai, in comparison to the
inoculated plants from the control treatment and by 27, 34, 41 and 29% in
comparison to inoculated plants sprayed with Mn phosphite (Fig. 7B, D, F, and
H). For inoculated plants from the control treatment, there were significant
increases of 73, 82, 217 and 55% for SOD, CAT, POX and APX, respectively, at
96 hai in comparison to non-inoculated plants (Fig. 7A-H). There were significant
increases of 41, 58, 59 and 65% for SOD, CAT, POX and APX activities,
respectively, at 96 hai, for inoculated plants sprayed with Mn phosphite in
comparison to non-inoculated ones (Fig. 7A-H).
Defense enzymes

The factors P, PI and ST as well as their interactions were significant for the
activities of GLU, PAL and PPO (Table 1). For the non-inoculated plants, there
was no significant effect of the treatments on the activities of GLU, PAL and PPO
irrespective of the sampling time (Fig. 71, K and M) and neither for the inoculated
plants at 12, 24 and 48 hai (Fig. 7], L and N). Activities of GLU and PAL for the
inoculated plants sprayed with Mn phosphite were significantly higher by 47%
and 114%, respectively, at 96 hai in comparison to the inoculated plants from

control treatment (Fig. 7J and L). PPO activity was significantly lower by 67% for
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the inoculated plants sprayed with Mn phosphite in comparison to the inoculated
plants from the control treatment (Fig. 7N). Inoculated plants sprayed with
Fluazinam showed activities of GLU and PPO that were significantly lower by 40
and 65%, respectively, in comparison to the inoculated plants from the control
treatment and by 59 and 65%, respectively, in comparison to the inoculated plants
sprayed with Mn phosphite at 96 hai (Fig. 7J and N). GLU and PPO activities
significantly increased by 67 and 202%, respectively, for the inoculated plants
from control treatment in comparison to the non-inoculated ones (Fig. 71, J, M and
N) and the GLU and PAL activities significantly increased by 144 and 134%,
respectively, for the Mn phosphite treatment at 96 hai, in comparison to the non-
inoculated ones (Fig. 7I-L).
Concentrations of Oz, H202 and MDA

The factors P and some of the 2-way and 3-way interactions were
significant for the O concentration (Table 1). The factors P and ST and some of
the 2-way interactions were significant for the H>O> concentration (Table 1). The
factors P, PI and ST as well as their interactions were significant for the MDA
concentration (Table 1). For the non-inoculated plants, there was no significant
effect of the treatments on the concentrations of Oz, H>O> and MDA regardless of
the sampling time (Fig. 8G, I and K). In addition, there was no significant effect
of the treatments on the O, HoO, and MDA concentrations for the inoculated
plants at 12 and 24 hai and for the O>™ concentration at 48 hai (Fig. 8H, J and L).
The concentrations of H>O> were significantly lower by 16 and 19% at 48 and 96
hai, respectively, and the concentrations of O and MDA by 41 and 27%,
respectively, at 96 hai for the inoculated plants sprayed with Mn phosphite in

comparison to the inoculated plants from the control treatment (Fig. 8H, J, and L).
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Inoculated plants sprayed with Fluazinam showed concentrations of H20O> and
MDA that were significantly lower by 32 and 41% respectively, in comparison to
the inoculated plants from the control treatment and by 16 and 34%, respectively,
in comparison to the inoculated plants sprayed with Mn phosphite at 48 hai (Fig.
8J and L). Inoculated plants sprayed with Fluazinam showed concentrations of Oz
, HoO2 and MDA that were significantly lower by 47, 45 and 58% at 96 hai,
respectively, in comparison to the inoculated plants from the control treatment
(Fig. 8H, J, and L). Concentrations of H>O> and MDA at 96 hai were significantly
lower by 34 and 42% for the inoculated plants sprayed with Fluazinam in
comparison to inoculated plants sprayed with Mn phosphite (Fig. 8J and L). There
were significant increases of 113% for O>™ concentration at 96 hai, of 14 and 44%
for H2O2 concentration and of 34% and 122% for MDA concentration at 48 and
96 hai, respectively, for the inoculated plants from the control treatment in
comparison to the non-inoculated ones (Fig. 8G-L). Concentrations of H>O» and
MDA were significantly higher by 23 and 60%, respectively, for inoculated plants
sprayed with Mn phosphite relative to their non-inoculated counterparts at 96 hai
(Fig. 8I-L).
Histochemical detection of H20:2

The histochemical analysis performed in the present study, show the non-
inoculated plants, there was no significant effect of the treatments on the
accumulation of H>O,. Inoculated plants with S. sclerotiorum resulted in an
extensive production of H»O The accumulation of H>O> were lower for the
inoculated plants sprayed with Mn phosphite in comparison to the inoculated
plants from the control treatment. Fluazinam completely inhibited pathogen-

induced H>O» accumulation.
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DISCUSSION

Phosphites have been shown to reduce diseases’ intensity in many crops of
economic importance, including brown spot on rice (Nascimento et al., 2016)
Ceratocystis wilt on mango (Araujo et al., 2015), downy mildew on grape (Peruch
and Brunna, 2008), foot rot on papaya (Dianese et al., 2009), Glomerella leaf spot
on apple (Araujo et al., 2012), Phoma leaf spot on coffee (Nojosa et al., 2009)
powdery mildew on cucumber (Reuveni et al., 1995) and scab on pecan (Bock et
al., 2013). However, there are few evidences at the biochemical and physiological
levels uncovering mechanisms underlying phophiste-mediated plant disease
control. To our knowledge, this study provide novel insights regarding the role of
Mn phosphite in white mold control on soybean.

White mold severity and lesion area were found to be decreased in Mn
phosphite-sprayed soybean leaflets, indicating its potential to constraint S.
sclerotiorum infection. Phosphites can inhibit fungal mycelial growth directly or
act indirectly by activating host defense mechanisms (Mersha et al., 2012, Dalio
et al., 2014). In soybean, Mn phosphite was demonstrated to be fastly translocable
in both xylem and phloem and it was able to reduce charcoal rot (Macrophomina
phaseolina) symptoms, which was ascribed to its ability to induce defense
responses (Simoneti et al., 2015). Both direct and indirect actions of phosphite
were found to be operating in constrained infection of Fagus sylvatica plants by
Phytophthora plurivora (Dalio et al., 2014). No white mold symptoms were
noticed on leaflets of soybeans plants sprayed with the fungicide Fluazinam.
Accordingly, Fluazinam is known to directly act on S. sclerotiorum mycelium at
the plant leaf surface, inhibiting fungal growth and further penetration into the

host tissue (Sumida et al., 2015).

21



It has been demonstrated that phosphites have a fungistatic effect on many
pathogens (Araujo et al., 2010; Dalio et al., 2014; Spolti et al., 2015). In vitro test
showed that Mn phosphite in concentrations compatible to that used in vivo
conditions inhibited the mycelial growth of S. sclerotiorum. Mycelial growth was
inhibited in a dose-dependent manner, with higher concentrations of phosphite
conferring higher inhibition and Ecso value of 0.913 ml L', Therefore, a direct
action on S. sclerotiorum mycelium is thought to be involved, at least partially, in
suppression of white mold symptoms observed in Mn phosphite-treated soybean
leaflets.

Soybean photosynthesis was found to be dramatically depressed in response
to S. sclerotiorum infection, consistent with observations made for other
pathosystems (Bu et al., 2009, Yang et al., 2014, Bermidez-Cardona et al., 2015).
The progressive decreases in A observed in S. sclerotiorum-infected soybean
leaflets may be explained by the secretion of the non-host selective toxin named
oxalic acid that is able to completely destroy the leaf cells compromising,
therefore, water and nutrients translocation throughout the leaf tissue (Yoshii,
1937; Bateman and Beer, 1965). Yang et al. (2014) reported that the oxalic acid
was of pivotal importance for the establishment of S. sclerotiorum infection on
tobacco leaves resulting, therefore, in lower photosynthetic activity. Decreases in
both gs and E caused by S. sclerotiorum infection were associated with stomatal
closure, probably because of high production of reactive oxygen species (ROS)
and the deregulation of guard cells. Some reports have suggested that S.
sclerotiorum-secreted oxalate deregulates host guard cells (Guimaraes and Stotz,
2004) and also it mediates antagonistic interactions between abscisic acid and

other phytohormones (Guo and Stotz, 2010). Despite the reduced stomatal
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aperture, which could have reduced CO; influx, a progressive increase in the Ci/Ca
values was observed as the white mold symptoms developed. Therefore, decreases
in A were most likely associated to biochemical constraints or diffusive
limitations to photosynthesis at the mesophyll level rather than to lower gs.
Similar findings have been reported for rice-Bipolaris oryzae (Debona et al.,
2016), maize-Sternocapella. macrospora (Bermudez-Cardona et al., 2015) and
wheat-Pyricularia oryzae interactions (Debona et al., 2014).

The reduced symptoms of white mold recorded in Mn phosphite-sprayed
soybean leaflets was associated with greater values of A, gs and E compared to the
non-sprayed leaflets, suggesting that Mn phosphite was able to attenuate the S.
sclerotiorum-induced physiological impairments. . In addition, we found that
Fluazinam, by completely inhibiting S. sclerotiorum infection, deny all of
pathogen-induced physiological impairments. Consistent with our findings, UV-
B-induced damage to the photosynthetic machinery were found to be prevented
by potassium phosphite (Oyaburo et al., 2015). Similarly, while P. plurivora
infection dramatically depressed A, water uptake and RuBisCO activity in non-
treated F. sylvatica plants, phosphite treatment prevented all of the pathogen-
induced physiological dysfunctions (Dalio et al., 2014).

The photochemical performance of S. sclerotiorum-infected soybean leaflets
was progressively reduced as the white mold severity increased. Indeed, infected
soybean leaflets displayed clear adjustments in light capture and dissipation, as
evidenced by changes in the Chl a fluorescence parameters. The decrease in the
maximum photochemical efficiency of PSII, based on the F\/Fn values, indicated
the occurrence of photoinhibition on photosynthetic apparatus as a consequence of

S. sclerotiorum infection. Additionally, the reductions in Y (II), which is a relative
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measure of the PSII performance, suggested that the energy absorbed by
photosynthetic pigments of S. sclerotiorum-infected leaflets was not directed to
the photochemical process, probably stemmed from pathogen-induced
photooxidative damage. The reductions in Y(NPQ) caused by S. sclerotiorum
infection may be associated with low plant capacity to regulate thermal
dissipation, which resulted in photosynthetic damage. The increased
photooxidative damage in S.sclerotiorum-infected soybean leaflets may also be
depicted from the progressive increases in Y(NO), which suggest that the
regulation mechanisms of protection become ineffective (Klughammer and
Schreiber, 2008), culminating in dramatic decreases in ETR at advanced stages of
S. sclerotiorum infection, which can be attributed to the lytic enzymes and non-
selective toxins that disrupt the electron transport chain in the thylakoid
membrane. According to Yang et al. (2014), the activity of PSII on tobacco leaves
was significantly compromised during S. sclerotiorum infection, fact that was
ascribed to damage to the reaction centers and the acceptor side of photosystem II
(PSII) by S. sclerotiorum-secreted oxalate, thereby causing photochemical
dysfunctions. However, photochemical dysfunctions were greatly reduced in Mn
phosphite-sprayed leaflets and completely prevented in Fluazinam-sprayed ones,
indicating that their ability to capture and exploit light energy was not as
compromised as to the non-sprayed leaflets.

The concentration of photosynthetic pigments was negatively affected by S.
sclerotiorum infection, but higher decreases were reported for the non-sprayed
leaflets than for the Mn phosphite- or Fluazinam-sprayed ones. Decreases on the
concentration of photosynthetic pigments could be associated with the action of

oxalic acid that shifts pH as well as with cell wall degrading enzymes, such as the
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polygalacturonases, secreted by S. sclerotiorum as the white mold develops
(Bateman and Beer, 1965). In addition, oxalic acid is known to cause chloroplasts
degeneration (Tariq and Jefferies, 1985). Decreases on total chlorophyll
concentration has been also reported on mint leaves infected by S. sclerotiorum
(Perveen et al., 2010).

ROS production is a common response of plants against pathogens’
infection (Doke et al., 1996). The oxidative burst can be suppressed in the
beginning of S. sclerotiorum infection, whereas it can increase later due to the
intense secretion of oxalic acid by the fungus (Willian et al., 2011; Zhou et al.,
2013). The antioxidant defense system on plants co-evolved with the aerobic
metabolism to counteract the oxidative damage caused by the ROS (Malencic et
al., 2010). SOD is a key enzyme in protecting plant cells against the deleterious
effect of ROS by converting Oy to H2O> and O2 (Apel et al., 2004; Hao et al.,
2011), whereas CAT, POX and APX play a pivotal role in H>O> detoxifying. In
the present study, all of the studied antioxidant enzymes had their activities
increased in S. sclerotiorum-infected leaflets mainly in non-sprayed ones.
However, it seems such activation of antioxidant system was not sufficient to
prevent oxidative damage, as high concentrations of O>'and H>O» were recorded.
The Mn phosphite-sprayed-inoculated leaflets displayed lower activities of SOD,
CAT and POX in comparison to their non-sprayed counterparts. This results
associated with less severity of white mold suggest the potential of this product to
protect in limiting pathogen-induced O>" and H>O» generation, which in turn, can
reduce the cellular damage.

The increase in the concentrations of both Oz and H2O: contributed to the

higher concentration of the cell damage indicator MDA as a result of S.
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sclerotiorum 1infection. However, Mn phosphite was found to greatly limit
pathogen-induced cellular damage. Lipid peroxidation in cell membrane resulting
from oxidative stress promoted by pathogens infection can eventually lead to
release of organelles and electrolytes (Mandal et al., 2008). In cucumber, S.
sclerotiorum was shown to increase MDA content, indicating the fungus can
damage cell membrane (Bu er al., 2009). Although histochemical analysis
performed in the present study confirmed that S. sclerotiorum resulted in an
extensive production of H»O;, mainly in symptomatic tissue, Mn phosphite
constrained the area where H>0, was generated, and Fluazinam completely
inhibited pathogen-induced H20> accumulation.

Plants are able to activate a wide range of defense responses to counteract
pathogens’ infection. GLU, enzyme that catalyzes the hydrolysis of fungal cell
wall components may also release elicitors of host defense responses (Keen and
Yoshikawa 1983). PAL, a major enzyme in the phenylpropanoid pathway, is
responsible for the production of different phenolics and some of them exhibit
antimicrobial action against fungal pathogens (Schuster and Rétey, 1995). In the
present study, activities of GLU and PAL were higher in inoculated leaflets
sprayed with Mn phosphite than in their non-sprayed counterparts at 96 hai,
suggesting the potential of this product to induce soybean resistance against white
mold. Accordingly, phosphite treatment of potato leaves increased GLU activity
upon Phytophthora infestans infection (Lobato et al., 2008, 2011). PAL activity
was also increased phosphite-treated rapevine plants, fact that was associated with
the reduced symptoms of downy mildew observed in such plants (Pinto et al.,
2012). Our results suggest that Mn phosphite could prime soybean plants for

enhanced defense against S. sclerotiorum. By definition, priming occurs when a
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plant, prior to exposure by some compound or microorganism, exhibits an
augmented defense response under pathogen attack (Conrath et al., 2002).
According to Machinandiarena et al. (2012), phosphite increased potato resistance
to P. infestans due to a high expression of genes involved in the systemic acquired
resistance. Priming was also found to be involved in P. plurivora control in F.
sylvatica by phopshite (Dalio et al., 2014).

In conclusion, the present study brings novel evidence of the potential of
Mn phosphite to control white mold in soybean. While S. sclerotiorum
dramatically impairs photosynthetic performance soybean and induces cellular
damage, Mn phosphite greatly constraints such dysfunctions. There is still no
conclusive explanation regarding the mode of action of phosphite and its potential
targets in plants. From the results obtained in this study, we conclude that Mn
phosphite might act in a dual way, by a direct action on S. sclerotiorum or
activating soybean defense responses, but the former mechanism it appears to play

a major role in white mold control.
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Table 1. Analysis of variance of the effects of products (P), plant inoculation (PI),
sampling time (ST) and their interactions for white mold severity (WMS), lesion
area (LA), leaf gas exchange parameters (net CO> assimilation rate (A), stomatal
conductance to water vapor (gs), internal to ambient CO; concentration ratio
(Gi/Cy) and the transpiration rate (E)), chlorophyll a fluorescence parameters
(maximum PSII quantum efficiency (Fv/Fm), photochemical yield (Y(II)), yield
for dissipation by down-regulation (Y(NPQ)) and (Y(NO)) as well as electron
transport rate (ETR), concentrations of chlorophyll a + b (Chla+s), carotenoids
(CAR), activities of superoxide dismutase (SOD), catalase (CAT), peroxidase
(POX), ascorbate peroxidase (APX), f-1,3-glucanases (GLU), phenylalanine
ammonia-lyase (PAL) and polyphenoloxidase (PPO) and the concentrations of

superoxide (O7), hydrogen peroxide (H202) and malondialdehyde (MDA).

Figure 1. White mold symptoms (A-I), severity (J) and lesion area (K)
determined for soybeans plants inoculated with Sclerotinia sclerotiorum (A-C),
plants inoculated with S. sclerotiorum and sprayed with manganese phosphite (D-
F) and plant inoculated with S. sclerotiorum and sprayed with Fluazinam (G-I).
Means from each treatments, at each evaluation time, followed by different letters
are significantly different (P < 0.05) according to the Tukey’s test. Bars represent

the standard error of the means. n = 4.

Figure 2. In vitro test of Scletorotinia sclerotiorum cultures in Petri dishes,
illustrating the inhibition of mycelial radial growth with 0 (A) 1.25 (B), 2.5 (C), 5
(D) and 10 (E) ml L' of Mn phosphite concentration and 1.25 ml L'(F) of

fluazinam concentration.
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Figure 3. Leaf gas exchange parameters net carbon assimilation rate (A) (A and
B), stomatal conductance to water vapor (gs) (C and D), internal to ambient CO>
concentration ratio (Ci/C.) (E and F) and transpiration rate (E) (G and H)
determined on leaflets of soybeans plants that were non-inoculated (A, C, E and
G) or inoculated (B, D, F and H) with Sclerotinia sclerotiorum and non-sprayed
(control) or sprayed either with manganese phosphite or Fluazinam. For each
evaluation time, means from each treatment followed by different letters and for
non-inoculated and inoculated plants for each treatment followed by an asterisk
(*) are significantly different (P < 0.05) according to Tukey’s test. Bars represent

the standard error of the means. n = 4.

Figure 4. Images of chlorophyll a fluorescence parameters maximum PSII
quantum efficiency (Fv/Fm), photochemical yield (Y(II)), yield for dissipation by
down-regulation (Y(NPQ)) and (Y(NO)) determined on leaflets of soybeans
plants that were non-inoculated or inoculated with Sclerotinia sclerotiorum and

non-sprayed (control) or sprayed either with manganese phosphite or Fluazinam.

Figure 5. Maximum PSII quantum efficiency (Fv/Fm) (A and B), photochemical
yield (Y(II)) (C and D), yield for dissipation by down-regulation (Y(NPQ)) (E and
F), (Y(NO)) (G and H) and electron transport rate (ETR) (I and J) determined on
leaflets of soybeans plants that were non-inoculated (A, C, E, G and I) or
inoculated (B, D, F, H and J) with Sclerotinia sclerotiorum and non-sprayed
(control) or sprayed either with manganese phosphite or Fluazinam. For each
evaluation time, means from each treatment followed by different letters and for
non-inoculated and inoculated plants for each treatment followed by an asterisk
(*) are significantly different (P < 0.05) according to Tukey’s test. Bars represent

the standard error of the means. n = 4.
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Figure 6. Concentrations of the photosynthetic pigments chlorophyll a+b (Chlu+s)
(A and B) and carotenoids (CAR) (C and D) determined on leaflets of soybeans
plants that were non-inoculated (A and C) or inoculated (B and D) with
Sclerotinia sclerotiorum and non-sprayed (control) or sprayed either with
manganese phosphite or Fluazinam. For each evaluation time, means from each
treatment followed by different letters and for non-inoculated and inoculated
plants for each treatment followed by an asterisk (*) are significantly different (P
< 0.05) according to Tukey’s test. Bars represent the standard error of the means.

n=4

Figure 7. Activities of superoxide dismutase (SOD) (A and B), catalase (CAT) (C
and D), peroxidase (POX) (E and F), ascorbate peroxidase (APX) (G and H), g-
1,3-glucanases (GLU) (I and J), phenylalanine ammonia-lyase (PAL) (K and L)
and polyphenoloxidases (PPO) (M and N) determined on leaflets of soybeans
plants that were non-inoculated (A, C, E, G, I, K and M) or inoculated (B, D, F,
H, J, L and N) with Sclerotinia sclerotiorum and non-sprayed (control) or sprayed
either with manganese phosphite or Fluazinam. For each evaluation time, means
from each treatment followed by different letters and for non-inoculated and
inoculated plants for each treatment followed by an asterisk (*) are significantly
different (P < 0.05) according to Tukey’s test. Bars represent the standard error of

the means. n = 4.

Figure 8. Histochemical detection of hydrogen peroxide (H20) at 96 hours after
inoculation (A-F) and concentrations of superoxide (O2) (G and H), H>O> (I and

J) and malondialdehyde (MDA) (K and L) determined on leaflets of soybeans
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plants that were non-inoculated (A, B, C, G, I and K) or inoculated (D, E, F, H, J
and L) with Sclerotinia sclerotiorum and non-sprayed (control) or sprayed either
with manganese phosphite or Fluazinam. For each evaluation time, means from
each treatment followed by different letters and for non-inoculated and inoculated
plants for each treatment followed by an asterisk (*) are significantly different (P
< 0.05) according to Tukey’s test. Bars represent the standard error of the means.

n=4.
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Table 1

Variables P P1 ST PxPl PxST PIxST PxPIxST
WMS <0.001 - <0.001 - <0.001 - -
LA <0.001 - <0.001 - <0.001 - -
A <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
8s <0.001 <0.001 <0.001 <0.001 <0.001  <0.001 <0.001
Ci/Ca <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
E <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

Fy/Fn <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Y(I) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Y(NPQ) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
Y(NO) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
ETR <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
CHL a+b <0.001 <0.001 <0.001  0.007 <0.001  <0.001 <0.001
CAR 0.003 <0.001 <0.001 0.134 <0.001  <0.001 <0.001
SOD <0.001 <0.001 <0.001 0.021 0.008 <0.001 <0.001
CAT 0.002 <0.001 <0.001  0.003 <0.001  <0.001 <0.001
POX 0.006 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

APX 0.210 <0.001 <0.001  0.336 0.148 0.001 0.143
GLU <0.001 <0.001 <0.001  0.009 <0.001  <0.001 <0.001
PAL <0.001 <0.001 <0.001 0.003 <0.001 0.002 <0.001
PPO <0.001 <0.001 <0.001 <0.001  <0.001 <0.001 <0.001
Oy 0.020 0.431 0.102 0.101 0.207 0.006 0.003
H>0» <0.001 0.318 0.010 <0.001 <0.001 <0.001 0.068

MDA <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
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